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1, High-Precision Atomic Frequency Standards

Atomic frequency and time interval standards had

+ dvanced to such a high level of performance that in

October 1964, the International Committee of Weights

nd Measures designated the (F=4, mp=0)2 (F

=3, my=0) transition in the ground state of Cs!¥

emporarily for the physical measurement of time.
They assigned the value

9,192,631,770 Hz

w this transition. Thus the physical basis for time
neasurement has changed from an astronomical unit
 an atomic unit of time [Bureau International des
. Poids et Mesures, 1964].

! During the period 1963 through 1965 the accuracy
{ capability of the United States Frequency Standard
" has improved from 1 part in 10** (one standard devia-
tion, ¢ to 1 part in 10** (lo). The accuracy of the
i hydrozen maser is considered to be about 3 parts in
./ 102, due mostly to uncertainties arising from the
} yallshift. The most recent value for the hyperfine
" structure separation in hydrogen is

O T 7 VR

1,420,405,751.7860 +0.0046 Hz

[Bechier, Halford, Harrach, Allan, Glaze, Snider,
* Barnes. Vessot, Peters, Vanier, Cutler, and Bodily,
- 1966].
Recent experiments and theory on the transition
J process in atomic beam devices have suggested new
| methods of testing for accuracy. Preliminary results
! indicate that an accuracy of 1 part in 10'® is possible
j with cesium beams, with guarded optimism, of course
[_Harr;mh, 1965; Harrach and Shirley, private commu-
nication, 1965].
Much improved commercial cesium beam stand-
ards are more compact, more reliable, and more

—_—

'Radii Standards Laboratory, NBS, Boulder, Colo. 80302, U.S.A.

accurate [Bagley and Cutler, 1964ab; Holloway
and Lacey, 1964; Orenberg, 1964]. Experiments have
demonstrated an accuracy capability of some com-
mercial cesium beam standards within a few parts in
102 [Bodily, 1965; Beehler et. al., 1966] Impressive
clock-carrying experiments using these commerical
devices have compared the separate atomic time scales
maintained at NBS, Boulder, the U.S. Naval Observa-
tory, and Neuchatel, Switzerland, to 1 us.  They have
compared the frequencies of 21 different atomic
devices in 11 different countries {Bodily, 1965].

Work still proceeds on thallium beams. The
present accuracy is about 1 part in 10t [Beehler and
Glaze, 1963].

An optically pumped rubidium maser cperating on
the 6834-MHz transition of Rb® has been developed
capable of excellent short-term stability. It does
not appear suited for a primary standard Davidovits
and Stern, 1965).

Transitions in H.S at 216 GHz have been observed
with Ramsey excitation in a molecular beam elec-

tric resonance apparatus. Measured linewidths
are about 900 Hz [Strauch, Cupp, Derr. and Galla-
gher, 1965].

Extensive research is presently going on to under-
stand better the noise properties of atomic frequency
standards. Aside from its basic interest, it has
important bearing on the improvement in electronic
design needed for the next generation of frequency

standards [IEEE-NASA, 1965},

2. High-Precision Quartz Frequency
Standards

Over the past few years, many thorough investiga-
tions have been made to improve the long- and short-
term stability of precision quartz crystal controlled
oscillators. Improvements in holders, tempera-
ture control, relief of stress, and lattice perfection
have given improved stability.
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Tremendous progress has been made in calcu-
lating the various modes of motion in crystal plates
and determining their amplitude distribution [Mind-
lin and Lee, 1965]. The results of these studies are
closely tied to many of the problems we have today,
e.g., the suppression of unwanted responses in crys-
tal units by contouring or by control of electrodes
for “‘energy trapping” [Shockley, Curran, and Kone-
val, 1963]. It has become possible to confine the en-
ergy of vibration principally to the electroded portion,
so that the mounting structure cannot adversely
influence the vibration of the plate [Curran and
Koneval, 1964, 1965; Spencer, 1965].

Material success has been achieved in the use of
X-rays to study strain and displacement in vibrating
crystal plates. This technique also shows imper-
fections in the material which result in lattice dis-
tortions. Any motion resulting in a curvature of
the lattice can easily be detected by the topographic
X-ray method, and figure 1 illustrates the degree of
sensitivity that may be obtained. This figure shows
the various modes of motion of a 3.2 MHz contoured
thickness-shear vibrator with their relative respenses.

Practical oscillators appear to have three main
sources of noise contributing to frequency fluctu-

ations [Cutler, 1964; Hafner, 1964; Edson, 1965}

]

ofa

71 K1 & ;,“’..(

John M. Richardson Editg
B r

(1) thermal and shot noise within the cscillator j
which actually perturbs the oscillation: self
(2) additive noise associated with accessory ¢
cuits which does not perturb the oscillation blr.
merely adds to the signal; > out
(3) fluctuations of the oscillator frequency due ¢
either the crystal unit or circuit parsmeter changeso

3. Scientific Aspects of Universal andjor
Atomic Time and Frequency Transmis.
sions

The relative trend and uncertainties of Universa]
Time (UT) with respect to Atomic Time (AT) bear d;.
rectly upon studies of variations in the rate of rotation
of the earth, indirectly upon the question of the rela-
tive uniformity of the astronomical ephemeris time
scale (ET), and upon their technological usage in
engineering and scientific laboratories.

The last 3 years have seen increased and improved
surveillance and study of characteristics of various
time and frequency signal systems for broadcast
purposes. Recently it has been demonstrated
experimentally on WWVB broadcasts that a system

Lot

| ) T
SEIMTEN 1T RO
; \ (T T4
A E
1
|

ff ey

RESPONSE

(
At
14
\ | -
1
v
Vo
LT
U e
L le
Lls
ol e
/ ~
7 o o
. S |8
2 L
"

-

i

FiGure 1.

Responses and distribution of strain in contoured 3.2-MHz crystal vibrator.
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mploying nonoffset @grrier freql:lencies .and sec-
,nds intervals, but utilizing occasional adjustments
oward UT of the phase of the emitted seconds ticks
by 200 ms every 2 or 3 mor.xths), sgtlsﬁes the day-
[O.day requirements for ship navngqtlon.

The general long-term parabolic trend of
{T with respect to ET noted by Brouwer [1952]
sdequately rectifies the trends over some short pe-
riods, but not so well for an intermediate period over
the last 145 years. This trend does not remove
certain large or small excursions, some of which may
pave periodic components, and some certainly ex-
pibit @ random fluctuating behavior marked on oc-
casion by erratic changes.

One of the most significant technological advances
. time signal dissemination via radio emission has
peen in the use of phase control techniques. This
has resulted in a greater frequency stability as well.
All NBS radio transmissions now employ this method.
Thus the epochs of time ticks from WWV, WWVH,
and WWVB are directly related to the U.S. standard
scale of time.

National and international synchronization of trans-
missions has been improved carrying highly stable
cdocks between stations (see sec. 1).

Two experiments have been conducted which
may herald the birth of a new era in international
ime  synchronization techniques. These have
uilized satellites Telstar and Relay II as relay de-
vices for high-frequency time signals. These sup-
plement earlier studies of the international com-
parison of standards via radio emission. Several
studies have been made confirming the stable propa-
gation characteristics of VLF and LF emissions for
time and frequency signals. A continuing effort is
being made to employ two carriers in the dissemina-
tion of time signals at LF, and very promising results
are being obtained in a combined NBS-NASA study.

4. Standards and Measurements at 30 kHz to
1 GHz

A supersensitive detector was developed for
a complex-insertion-ratio measurement system hav-
ing accuracies of about 0.005 dB/10 dB at 30 MHz;
signals of 36 X102 V. were detected as against a
minimum theoretical value of 30X 102 V rms at a noise
figure of 2 dB [Allred and Lawton, 1964]. A modified
twin-T brideze was developed capable, for the first
time, of measuring resistances of 100 to 10,000 ohms
at 2 MHz in terms of capacitance increments with
accuracies of +0.05 percent and at reduced ac-
curacies to 15 MHz [Huntley, 1965]. A set of Q-fac-
tor standards has been made available for frequen-
cies to 45 MHz based on accumulated data and
experience over 5 years; accuracies of =2 percent

were obtained for Qs of 100 to 240 at 15 MHz, and

calibrations
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+7 to 9 percent for Q's to 600 at higher frequen-
cies [Jones, 1964]. A unique adjustable character-
istic-impedance coaxial line was developed for more
efficient use of the time-domain reflectometry tech-
niques fer impedance measurements [Cruz and
Brooke, 1965a,b]. The decrement method was suc-
cessfully used to measvre Q’s greater than 100,000
of cryogenic circuits at frequencies to 300 MHz [Hart-
wig, 1963].

A novel T junction has been developed to enable
and intercomparisons of voltmeters
of any practicable input impedances (with VSWR’s
ranging from 1 to 200) at frequencies to 1 GHz and
higher from microvolts to 100 V and higher with
superior accuracy; effects of standing waves and
higcher modes are essentially eliminated; a fraction
of the power is required for calibration purposes as
compared with terminated systems, which is par-
ticularly advantageous at relatively high voltages
[Selby, 1965]. To overcome d-c polarization effects
in high-voltage-insulation tests, 1l-us pulses were
employed with peaks to 30 kV, and 1-pA currents
were measured to 5 percent by charge-storing tech-
niques [Watson and Sharbaugh, 1964].

A miniaturized dipole antenna-receiver combina-
tion was developed to measure 0.1 to 1000 V/m,
150 kHz to 30 MHz, complex near-zone fields with
an accuracy of =2 dB: the receiver. a cali-
brating oscillator, battery supply, and attenuator
are located inside the 13-in. long by 1¥s in. diam-
eter cylindrical dipole; a semiconducting plastic
transmission line feeds the information from the
antenna to a remote readout unit [Greene, 1963]. A
prototype 3-MHz model of precision thermal noise-
power comparators for a range equivalent to 75° to
30,000° K at accuracies of 0.2 to 1 percent has been
described; it measures the noise-spectral density
in a 7.5 kHz band and eliminates high-speed switch-
ing by employing a coaxial magic T, a LW generator,
two separate amplifier and frequency channels feed-
ing an analog multiplier, and a produci-averaging

RC network [Arthur, Allred, and Cannon, 1964].

5. Standards and Measurements at
1 to 300 GHz

Developments are reported in the following fields:
power, noise, reflection coefhcient, phase shift, at-
tenuation, and field strength.

With regard to bolometric power measurements,
the following developments were reported: evalu-
ation of substitution error in dual-element mounts
[Engen, 1964b], replacement of dual elements by a
center-tapped thermistor bead [Aslan, 1965], tuned
reflectometer types of power meters [Engen, 1964a],
swept-frequency measurements of mount efficien-
cies [Pramann, 1965], efficiency measurements at
2 and 5.4 mm [Szente, Miller, and Mallory, 1963;
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Miller, Mallory, and Szente, 1963], accurate cali-
brations of coaxial mounts with reference to stand-
ard mounts in rectangular waveguide [Engen. 1965].

Power in multimode waveguides was measured
[Schiffman, Young, and Larrick, 1965].

Pyroelectric effect detectors [Steier and Yamashita,
1963], a ferro-electric bolometer [Cohn and Rodgers,
1964], and microwave radiometers [Williams and
Chang, 1963; Fujimoto, 1964] were developed for
use at millimeter and submillimeter wavelengths.

Improvements were reported in waveguide mounts
for gas-discharge types of standard noise sources
[Miller, Daywitt, and Campbell, 1964], and in their
calibration techniques [Wells, Daywitt, and Miller,
1964]. Mismatch errors in ncise performance
measurements were analyzed [Brady, 1964]. Noise
sources coocled by liquid helium were calibrated
[Stelzried, 1965].

With respect to coaxial line standards, the use of
air-filled lines was discussed [Sanderson, 1964; Wein-
schel, 1964}, and a line of variable characteristic
impedance was developed to calibrate time-domain
reflectometers {Cruz and Brooke, 1965a, b}.

Technigues were developed in which a sliding load
is mechanically coupled to a slotted line’s probe
[Weinschel, Sorger, Raff, and Ebert, 1964; Beatty,
1965a; Sanderson, 1965a].

The NBS standard phase shifter and measurement
system in WR-90 (IEC-R 100) waveguide was de-
scribed [Eillerbruch, 1965]. A differential type of
standard phase shifter was devised [Beatty, 1964a]
and analyzed [Ellerbruch, 1964].

With regard to standard attenuators, true in-
line coupler fixed standards were devised [Larson,
1964], additional sources of error in rotary-vane
attenuators were investigated [Larson, 1963, 1965b],
and a table of attenuation versus vane angle was
published [Larson, 1965a].

Analysis of insertion loss concepts [Beatty, 1963,
1964b] was applied [Beatty, 1964c]to attenuation meas-
urements, The modulated subcarrier method was
analyzed [Little, 1964]. Methods were devised [Stelz-
ried and Petty, 1964; Beatty, 1965b; Smith and Soko-
lowski, 1965] to measure small losses.

Attenuations of groove guides [Tischer and Som-
eroski, 1964; Ruddy, 1965], and beam waveguides
[Beyer and Scheibe, 1963; Valenzuela, 1963; and
Simonich and Ishii, 1965] were measured. Prisms
were used as standard attenuators [Taub and Hin-
din, 1963; Fellers and Taylor, 1964] at millimeter
and submillimeter wavelengths.

Accurate measurements were made at 4.08 GHz of
the gain of standard horns [Chu and Semplak, 1965].
The Fresnel gain concept was examined [Soejima,
1963]. At 8.6 GHz, the effect of lossy earth on
antenna gain was determined [Coe and Curtis, 1964;
Curtis, 1964]. Anechoic chambers were evaluated

{Buckley, 1963] Antenna gain was determined
from measurements of scattering cross section
[Garbacz, 1964]. Modulated scatterers were used

John M. Richardson, gg,, e

to measure field strength [Harrington, 1963: Lizuk, {in
1963; Vural and Cheng, 1964; King, 1965]. S¢5 |l
tering cross sections of metal spheres were measyreg
[Blore, 1963]. il
;
{

6. Precision Coaxial Conneciers

Precision coaxial measurements suffered frop
mismatch errors and lack of repeatability of connec. %
tors. Several designs of precision coaxial connectors
are now available. They were standardized by the |
TIEEE Subcommittee on Precision Coaxial Connectors, |
as related by Fossum [1964]. These connectors
were tested in several laboratories for the commit |
tee, including Alford Mfg. Co., Amphencl, General
Radio Co., National Bureau of Standards, Rohde and
Schwarz, and Weinschel Engineering.

By definition, a GPC, or General Precision Con
nector (fig. 2), includes a dielectric support.  An LPC,
or Laboratory Precision Connector, uses air dielectric.
An LPC is employed for the most accurate measure
ments with air sections per Sanderson {1954].

FIGURE 2. Assembly and exploded view of 14-mm General Precision
Connector.

Because of the low VSWR of precision coaxial
connectors, impedance measurement methods  had
to be improved. Three methods are used: the tun¢
reflectometer, the slotted line, and the time-domain
reflectometer. o

All three methods use auxiliary precision airline
sections as reference standards. The reflectometer
uses both a sliding load and a sliding short within a
precision airline section [Beatty, Engen, and Anson.
1960; Beatty and Anson, 1962; Little and W akefield:
1965]. A slotted-line substitution technique [Sander
son, 1961, 1962; Zorzy, 1963a] uses a half-wavelength
section, while Sanderson [1964] prefers a quart¢t
wavelength. Weinschel et al. [1964] use a couplef
sliding load. The time-domain reflectometer [wa
and Brooke, 1965b] is calibrated by airline sections
A useful impedance standard is a coaxial tranamissiol
line with perfect dimensions. The lower frequenc?
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"t due to skin effect is computed by Weinschel

L, 64‘]

: i'l%esign considerations are reviewed by Sladek

| fr1965'], Zorzy [1963b] describes a slotted line with
-%}«mm GPC covering the frequency range of 300 MHz
09 CHz. Sanderson [1965b] describes a slotted line
:gCOrdCr system. )
"URSI is interested in the standardization of coaxial
qecision connectors and a preferred impedance per
: hecommendation 4 [URSI, 1963] of their International
Jominission 1. U.S. Commission 1 URSI supported
%(URSI. 1964] the IEEE Standard and suggested
“i(RSI. 1965] the development of 3.5-mm coaxial
i ecision connectors and ‘supporting instrumentation

Voruse up to 40 GHz.

7. Swept-Frequency Techniques

(realer quantity, precision, bandwidth, and strin-
ency of parameter control have forced the develop-
~qent of accurate swept-frequency techniques with
" jrameter display on oscilloscope or recorder in order
4 handle the increased data. This survey concen-
' sates on progress in the field of swept measurements
" jrom 30 MHz to the upper limit of microwave applica-
. tons. The primary quantities measured are am-
plitude and phase. In terms of these, other param-
{ eters may be displayed — for example, loss, gain, power,
' shase shift, reflection coefhicient, VSWR, impedance,
se. Two types of detection are used in swept-
‘frequency instruments: video detection, and mixer
detection.  Video detectors are capable of providing
swept amplitude information, but not phase informa-
: ton. Improved accuracy in video-detection instru-
i ments has followed from advances in leveled swept
* sscillators, connectors, pads, detectors, etc. Higher-
~ directivity couplers vield more accurate reflection-
. coefficient measurements. Progress has been made
! in extending the dynamic range of video detectors
} upto 60 dB by compensated output circuitry.

Mixer detection in swept-frequency instruments
utilizes a nonlinear device into which two RF signals
at different frequencies are introduced, the output
signal being at the difference frequency. The leading
type of swept mixer system is now the homodyne,
which uses one RF signal source from which the two
RF signals are derived. The mixer output signals are
processed to produce d-c analog voltages proportional
to (1} RF phase independent of amplitude, (2) RF am-
plitude independent of phase, and (3) quadrature com-
ponents of the RF test signal. The latter yields either
the transmission or reflection coefficient in polar co-
ordinaies, or impedance on a chart. Homodyne instru-
ments now provide accurate single-sweep measure-
ments of phase, amplitude, and impedance in full
waveguide bands and in coaxial bands up to 5:1.
Other recent improvements include linear 360° phase
readout, higher accuracy, faster sweep rates, and
simplified operation. In addition to specialized
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instruments for phase and impedance, multifunction
. i . - .

instruments permit selection of phase, amplitude, or
impedance displays by means of a function switch.

8. Measurements of Electromagnetic Prop-

erties of Materials

Sources, other than journals, for dielectric and
magnetic activities include the index of magnetism,
available from the American Institute of Physics, and
the annual Magnetic Materials Digest. The NAS-
NRC Committee [1965] issues an annual digest of the
literature on dielectrics, and also an Annual Report,
Conference on Electrical Insulation. A different
Electrical Insulation Conference Proceedings, mostly
on insulation, is issued by the IEEE.

Magnetic measurements. A knowledge of what
quantities are important greatly influences magnetic
studies and applications. The Morgenthaler-Schlo-
mann parallel pumping method has become well under-
stood for measuring spin-wave line width and for elastic
spin-wave coupling [Eshbach, 1963]. Excitation
methods and dispersion relations for various spin,
elastic, and magnetostatic waves are important for
microwave delay lines [Kaufman and Soohoo, 1965].
Spin-wave coupling to the uniform precession, which
arises mainly from rough surfaces and from polycrys-
tallinity, is important in ferrimagnetic devices. Spin-
wave coupling knowledge was advanced theoretically
by Motizuki, Sparks, and Seiden [1965] and by Sparks’
new book. A new method of measuring this coupling
was presented [Risley and Bussey, 1964].

Low-frequency permeability measurements were
reviewed [Harrington and Rasmussen, 1965]. Line
width, permittivity, and magnetization measurement
methods for ferrite polycrystals are specified [ASTM,
1963].

Small ferrimagnetic (and ferroelectric) material
resonators have unloaded Q’s and external Q’s which
enter into line width or loss measurements and into
filter uses [Matthaei, 1965].

Dielectric measurements. Insulation and dielectric
measurements are covered in a book of specifications —
ASTM Standards on Electrical Insulating Materials
[ASTM, 1963]. For microwave dielectric measure-
ments, see the chapter by Altschuler [1963].

Measurements performed by three naticnal stand-
ards laboratories were intercompared [Bussey et al.,
1964]. High-temperature measurements were made
on many dielectrics [Westphal, 1963]. Ellipsometry
techniques, applicable in millimeter waves, were
covered by a conference [Passaglia, Stromberg, and
Kruger, 1964}. Conductivity measurements on semi-
conductors were often obtained by microwave dielec-
tric measurements, and Houlding [1965] surveyed
recent measurements of the Q of varactors.

Low loss tangents were measured by a convenient
immersion technique for polyethylene {Hazen, 1965].
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Two-fluid dielectric immersion in a guarded ring capac-
itor observed by a ratio transformer gave highly accu-
rate dielectric measurements [Harris and Scott, 1963].
Errors due to conductance of a foreign surface layer
on a dielectric were analyzed by Frenkel [1964].

Optical effects in materials, especially those re-
lated to devices, were measured. A new effect was
predicted [Brown, Shtrikman, and Treves, 1963].
Modulation was reviewed by Anderson [1965].

A variational theory of the impedance of waveguide
junctions was given [Kerns, 1963]. The junction may
contain anisotropic materials.

9. Laser Standards and Measurements

The phoiotube, calibrated against a standard source
of radiaticn, was the first method used for measuring
Jaser power and energy, the latter by a time integration
of the photocurrent [Maiman et al., 1961]. To limit
the radiation incident on the phototube, a variety of
calibrated aitenuators have been used: neutral density
filters [Glick. 1962. 1963], integrating sphere [Schiel,
1963], a coarse diffraction grating [Gerharz, 1964,
1965], and a diffuse reflector whose distance {rom
laser to reflector or reflector to photocell may be
controlled [Leite and Porto, 1963]. A variety of
methods for energy measurements have appeared:
a carbon cone [Li and Sims, 1962; Calviello, 1963] and
a blackened metal cone [Koozekanani et al., 1962]
simulating blackbody absorbers whose temperature
changes are measured. respectively. by thermistors
and bolometers: a liquid calorimeter Damon and
Flynn, 1963]; and a bolometer consisting of a bundle
of 1000 ft of fine enameled wire [Baker, 1963]. The
deflection of a ballistic torsion pendulum due to the
linear momentum of radiation has been used to meas-
ure the high energy of a pulsed laser beam [Stimler,
Slawsky, and Grantham, 1964]. No accuracy is cited
in the above-mentioned papers except for the estimate
of 10 percent by Li and Sims [1962]. However, Jen-
nings [private communication, 1966] has recently
designed a liquid calorimeter whose accuracy and pre-
cision are given as approximately 1 percent.

All work on frequency stabilization has thus far
been done with the He-Ne gas laser operating in
a single mode. Although good short-time frequency
stability (8 X 10-!% over a few tens of milliseconds)
was achieved in free-running oscillators [Jaseja,
Javan, and Townes, 1963}, an automatic feedback
control system must be used to obtain long-term
stability and frequency resettability. Shimoda and
Javan [1965] obtained about 1 part in 10° by hetero-
dyning two 1.15-u lasers using a control system
based on modulating a resonator mirror position
piezoelectrically. Bennett et al. [1964] obtained
about 1 part in 10" over a period of 8 hours on the
3.39-u transition by modulating the dispersion of
the medium by varying the plasma discharge and hence
the inversion density. A shift in the oscillation
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frequency due to this modulation can be overcome
by modulating instead one of the Ne levels by optical
pumping [Boyne, Birky, and Schweitzer, 1965].

Because gas lasers are finding wide application ag
light sources for interferometric length measurements
[Morokuma et al., 1963; McNish, 1964; Mielen;
et al., 1964], a knowledge of the laser wavelength iy
terms of the fundamental standard of length is nec.
essary. Comparing interferometrically the wave.
length of the 3s:—2ps Ne line of the He-Ne laser
with standard lamps, Mielenz et al. [1964, 1965] ob.
tained the following results:

Avae = 6329.9145 = 0.0002 A (with 91 percent Ne*® and
9 percent Ne??)

Aeqe = 6329.9147 +0.0003 A (with Ne2).

Byer et al. [1965] have studied under high resolution
a pulsed Hg* laser which oscillates simultaneously
in many modes. However, the clear definition of
the Doppler profile (about Y3 that in the He-Ne laser)
defines the center wavelength to high accuracy with-
out requiring stabilization of cavity length. [t was
found that

Ayge= 6151165025 X 10~ A (Hg™.

The laser is clearly useful as a secondary sitandard
of length. As work in this area matures, it is pos-
sible that the laser itself may be used to ectablish
an independent standard of length.

10. References

Allred, C. M., and R. A. Lawton (1964}, Precision detector for cont
plex insertion ratio measuring systems, IEEE Trans. Instr. Meas.
IM-13, Nos. 2/3, 76-81.

Altschuler, H. (1963), Dielectric constant, Handbook of Microwave
Measurements, ed. M. Sucher and J. Fox, ch. 9, (Pulvtechnic
Press, Polytechnic Inst. of Brooklyn, Brooklyn, New York.).

Anderson, L. K. (1965), Microwave modulation of light, Microwaves
4,.No. 1, 42-53 (Hayden Microwave Corp., New York. \\‘

Arthur, M. G., C. M. Allred, and M. K. Cannon (1964). A precision
noise-power comparator, IEEE Trans. Instr. Meas. IM-13, Ne
4, 301-305. _

Aslan, E. E. (1965), A single bead broadband coaxial thermistor
mount, IEEE Trans. Instr. Meas. IM-14, No. 3, 102-106.

ASTM (1963), Tentative methods of test for ferrimagnetic resonancé
line width and gyromagnetic ratio, C524-63T: complex dielectne
constant (microwave), C525-63T; and saturation magnetizaliod
or saturation induction, C527-63T, (by a vibrating sample mag
netometer), Am. Soc. Testing Mater., 1916 Race St., Philadelphia.
Penn. i

Bagley, A. S., and L. S. Cutler (July 1964a), A new performanct of
the flying clock experiment, Hewlett-Packard J. 15, 1-5.

Bagley, A. S., and L. S. Cutler (1964b), A modern solid-state porlable
cesium beam standard, Internatl. Conf. on Chronometry, Laus
anne, Switzerland, 333—353. _

Baker, R. M. (1963), Measuring laser output with rat’s nest calonm-
eter, Electronics 36, No. 3, 36-38.

Beatty, R. W. (1963), Intrinsic attenuation, IEEE Trans. Microwave
Theory Tech. MTT-11, No. 3, 179-182.

Beatty, R. W. (1964a), A differential microwave phase shifter. IEI_EE
Trans. Microwave Theory Tech. MTT-12, No. 2, 250251

Beatty, R. W. (1964b), Insertiqn loss concepts, Proc. IEEE 32. M\
6, 663-671. :




! dio Maasurement Methods ond Srandards, Commission 1

& 0 \

aoattys H W. (1964c), Effects of connectors and adapters vn accu-

Dlmté sttenuation measurements at microwave ferquencies, JEEE
Trans. Instr. Meas. IM-13, No. 4, 272--284. o ]

3 eattys B W. (1965a), An automatic method for obtaining data in

! e \\'eissggck-Feenberg node-shift technique, Proc. IEEE 353,

0. 1. 79-80.

Be'd““* R. W. (1965b), A two-channel nulling method for measuring
3[[énuation constants of short sections of waveguide and the losses
in waveguide joints, Proc. IEEE 53, No. 6, 642—643.

ealt¥s R. W., and W. J. Anson (1962}, Application of reflectometer
iechniques to accurate reflection measurements in coaxial sys-
ems, Proc. Inst. Elec. Engrs. (London), Pt. B 109, 345-348.

7 gealtys R. W., G. F. Engen, and W. J. Anson (1960), Measurement
j of reflections and losses of waveguide joints and connectors using
' microwave reflectometer techniques, IRE Trans. Instr. I-9, No.
; Be—ehler. R. E., and D. J. Glaze (May 1963), Experimental evaluation
{ola thallium beam frequency standard, Proc. 17th Ann. Symp.

Freq. Conjtrol, 392-408 (U.S. Army Electronics Lab., Ft. Mon-
outh. N. ).

) B:hler. R., D. Halford, R. Harrach, D. Allan, D. Glaze, C. Snider,
j. Barnes, R. Vessot, H. Peters, J. Vanier, L. Cutler, and L.
Bodily (1966), An intercomparison of atomic standards, Proc.
[EEE 54, No. 2, 301-302.

geanett. W. R., Jr, S. F. Jacobs, J. T. LaTourrette, and P. Rabino-
witz (1964), Dispersion characteristics and frequency stabilization
of an He-Ne gas laser, Appl. Phys. Letters 5, No. 3, 56-58.
Bever. J. B, and E. H. Scheibe (1963), Loss measurements of the

i peam waveguide, IEEE Trans. Microwave Theory Tech. MTT-11,

s No. 1. 18-22.
>; gore, W. E. (1963), Experimental verification of scattering coefh-

cients for metal spheres, Proc. IEEE 31, No. 9, 1270-1271.

. Bodily. L. N. (Apr. 1963), Correlating time from Europe to Asia with

_ fiving clocks, Hewlett-Packard J. 16, 1-8.

" wne, H. S., M. M. Birky, and W. G. Schweitzer, Jr. (1965), Dis-

§ persion characteristics of the 1.15-u He-Ne laser line, Appl. Phys.
Y Letters 7, No. 3, 62-65.

§ Brady, M. M. (1964), The influence of mismutch error in nolse per-
formance measurements, Proc. IEEE 52, No. 9, 1075-1076.

gmuwer. D. (Sept. 1932), A study of the changes in the rate of rota-
tion of the earth, Astron. J. 57, 125-146.
Bown, W. F., Jr., S. Shtrikman, and D. Treves (1963), Possibility

i of visual observation of antiferromagnetic domains, J. Appl. Phys.
; 34, No. 4 (Part 2), 1233-1234.

3 Buckley. E. F. (1963), Outline of evaluation procedures for micro-
wave anechoic chambers, Microwave J. 6, No. 8, 69-75.

Bureau international des Poids et Mesures, ed. (1964), Comptes
Rendus des Seances de la Douzieme Conference Generale des

i Puids et Mesures, p. 93 (Gauthier-Villar, Paris).

! Bussey, H. E., J. E. Gray, E. C. Bamberger, E. Rushton, G. Russell,
! B.W. Petlev, and D. Morris (1964), International comparison of
dielectric measurements, IEEE Trans. Instr. Meas. IM-13, No.
4,305-311.

Brer. R. I.., W. E. Bell, E. Hodges, and A. L. Bloom (1965), Laser
emission in ionized mercury: isotope shift, linewidth and precise
wavelength, J. Opt. Soc. Am. 55, No. 12, 1598-1602.

Calviello, J. A. (1963), An optical calorimeter for laser energy meas-

- urements, Proc. IEEE (Correspondence) 51, No. 4, 611-612.
~ Thy, T. S, and R. A. Semplak (1965), Gain of electremagnetic horns,
VBell System Tech. J. 44, No. 3, 527-537.

Coe, R. J.. and W. L. Curtis (1964}, Effect of lossy earth on antenna
gain, Radio Sci. J. Res. NBS 68D, No. 2, 251-255.

Cohn, M.. and J. D. Rodgers (1964). A millimeter-wave-ferroelectric
20130m1>1<-r {abstract only), IEEE Trans. Instr. Meas. IM-13, No.
, 356.

- Crz, ¥ and R. L. Brooke (1963a), A variable characteristic im-

pedanc:: line, IEEE Trans. Microwave Theory Tech. MTT-13,

No. 4, 477478,

Lruz, J. E., and R. L. Brooke (1965b), Coaxial line standards for
measurement of reflections with a time domain reflectemeter

_system. Pt. 8.4, Session 8, WESCON 1965 Report 1-4.

Curran, p, R., and D. J. Koneval (1964), Energy trapping and the
design of single and multi-electrode filter crystals, Proc. 18th
Ann. Symp. on Freq. Control, 93--119.

-

o — N

1339

Curran, D. R.. and D. J. Koneval {1965), Factors in the design of
VHF filter crystals, Proc. 19th Ann. Symp. on Freq. Control,
213-286.

Curtis, W. L. (1964), Effect of lossy earth on antenna gain, Part II,
Radio Sci. J. Res. NBS 68D, No. 7, 813-818.

Cutler, L. S. (1964), Some aspects of the theory and measurement of
frequency fluctuations in frequency standards, Interim Proc.
Symp. on Definition and Measurement of Short-Term Fregq.
Stability, 11-73~11-104.

Damon, E. K., and J. T. Flynn (1963}, A liquid calorimeter for high-
energy lasers, Appl. Opt. 2, No. 2, 163-164.

Davidovits, P., and W. A. Stern (1 June 1965), A field independent
optié:lally pumped Rb# maser oscillator, Appl. Phys. Letters 6,
20-21.

Edson, W. A. (1965), Progress and problems in short term stability,
Proc. 19th Ann. Symp. on Freq. Control, 43-48.

Ellerbruch, D. A. (1964), Analysis of a differential phase shifter,
IEEE Trans. Microwave Theory Tech. MTT-12, No. 3, 453-459.

Ellerbruch, D. A. (1965), Evaluation of a microwave phase measure-
ment system, J. Res. NBS 69C, (Engr. Instr), No. 1, 55-65.

Engen, (. F. (1964a), A variable impedance power meter, and ad-

justable reflection coefficient standard, J. Res. NBS 68C (Engr.
Instr.), No. 1, 7-24.

Engen, G. F. (1964b), A dc-rf substitution error in dual-element bo-
lometer mounts, IEEE Trans. Instr. Meas. IM-13, Nos. 2/3, 58-64.

Engen, G. F. (1965), A method of transferring power calibrations
between microwave power meters having different input wave-
guides, IEEE Internatl. Conv. Record 13, Pt. 11, 99~-101.

Eshbach, J. R. (1963), Spin wave propagation and magnetoelastic
interaction in YIG, J. Appl. Phys. 34, No. 4, 1298-1304.

Fellers, R. G., and J. Taylor (1964), Internal reflections in dielectric
prisms, IEEE Trans. Microwave Theory Tech. MTT-12, No. 6,
584-587.

Fossum. D. E. (1964), Progress report of the IEEE Instrumentation
and Measurement Group technical subcommittee on precision
coaxial connectors, IEEE Trans. Instr. Meas. IM-13, No. 4, 285~
291.

Frenkel, L. (1964), On the measurement of dieleciric losses and
surface conductivity of dielectrics in parallel plane test capacitors,
J. Res. NBS 68A (Phys. Chem.), No. 2, 185-188.

Fujimoto, K. (1964), On the correlation radiometer technique, IEEE
Trans. Microwave Theory Tech. MTT-12, No. 2, 203-212.

Garbacz. R. J. 11964), Determination of antenna parameters by scat-
tering cross-section measurements. Proc. Inst. Elec. Engrs. (Lon-
don) 111, No. 10, 1679-1686.

Gerharz, R. (1964), Attenuation of laser light by a diffraction grating,
Proc. IEEE (Correspondence) 52, No. 4. 438.

Gerharz, R. (1965). Absence of polarization effecis in diffraction-
attenuated laser light, Proc. IEEE (Correspondence) 33, No. 1,
105-106.

Greene. F. M. (19653), National Bureau of Standards. Boulder, Colo.
80302, private communication.

Glick, A. L. (1962), A method for calibration of laser energy output,
Proc. IRE (Correspondence) 50, No. 8, 1835.

Glick, A. 1.. (1963), Comment or a method for calibration of laser
energy output, Proc. IEEE (Correspondence) 31. No. 10, 1360.

Hafner, E. (1964), The effects of noise on crystal osciilators, Interim
Proc. Symp. on Definition and Measurement of Short-Term Freq.
Stability, I11-157-11-204.

Harrach, R. J. (1965), Radiation field dependent frequency shifts of
atomic beam resonances, Ph.D. thesis, Department of Physics,
Univ. of Colorado, Boulder, Colo., 1-112.

Harrington, R. F. (1963), Field measurements using active scatterers,
IEEE Trans. Microwave Theory Tech. MTT-11, No. 5, 454-455.

Harrington, R. D., and A. L. Rasmussen (1965), Magnetic core
permeability measurement techniques, Magnetic Core Conf.
Proc. 7, 11-24 (Metal Powder Industries Federation, New York,
N.Y.).

Harris, W. P., and A. H. Scott (1963), Precise measurement of dielec-
tric constant by the two-fluid technique, Natl. Acad. Sci.—Natl.
Res. Council, Ann. Rept., 1962 Conf. on Electrical Insulation,
Misc. Publ. 1080, Washington, D.C.

Hartwig, W. H. (1963), Novel test techniques measure @ in cryogenic
resonant circuits, Electronics 36, No. 8, 43—47.




| e

1340

Hazen, T. (Apr. 1965}, Improved methods for measuring dielectric
constant and loss characteristics of low loss polyethylenes, Insula-
tion 11, No. 4, 45-53.

Holloway, J. H., and R. F. Lacey (1964), Factors which limit the
accuracy of cesium atomic beam frequency standards, Internatl.
Conf. on Chronometry, Lausanne, Switzerland, 317-333.

Houlding, N. (1965), Varactor measurements and equivalent circuits,
IEEE Trans. Microwave Theory Tech. MTT-13, No. 6, 872-873.

Huntley, L. E. (1965), A self-calibrating instrument for measuring
conductance at radio frequencies, J. Res. NBS 69C (Engr. Instr.),
No. 2, 115-126.

IEEE-NASA (1965), Symp. on Short-Term Freq. Stability, Nov.
1964, Goddard Space Flight Center, Greenbelt, Md. Many of the
papers presented at this symposium appear in a special Feb. 1966
issue of Proc. IEEE on Short and Long Term Frequency Stability.

Tizuka, K. (1963), A new technique for measuring an electromagnetic
field by a coil spring, IEEE Trans. Microwave Theory Tech.
MTT-11, No. 6. 498-505.

Jaseja, T. S., A. Javan, and C. H. Townes (1963), Frequency stability
of He-Ne masers and measurements of length, Phys. Rev. Letters
10, No. 5. 165-167.

Tones. R. N. (1964), Standards for the calibration of Q-meters 50
kHz to 45 MHz, J. Res. NBS 68C {(Engr. Instr.), No. 4, 243-248.

Kaufman, L., and R. F. Soohoo (1965), Magnetic waves for microwave
time delay —some observations and results, IEEE Trans. Micro-
wave Thecry Tech. MTT-13, No. 4, 458-467.

Kerns, D. M. (1963), Generalized variational principles for electro-
magnetic vibrations: application to the theory of waveguide junc-
tions. Electromagnetic Theory and Antennas. ed. E. C. Jordan,
part 1. 252-260 (Pergamon Press. New York. N.Y.).

King, R. J. (1965). An amplitude and phase measuring system using
a small modulated scatterer, Microwave J. 8, No. 3,51

Koozekanani, S., P. P. Debye, A. Krutchkoff, and M. Cliftan (1962).
Measurement of the laser output, Proc. IRE (Correspondence) 30,
No. 2. 207.

Larson, W. (1963). Analysis of rotation errors of a waveguide rotary-
vane attenuator, IEEE Trans. Instr. Meas. IM-12, No. 2, 50-55.

Larson, W. (1964), Inline waveguide attenuator, IEEE Trans. Micro-
wave Theory Tech. MTT-12, No. 3. 367-368.

Larson, W. (1965a), Table of attenuation as a function of vane angle
for rotary-vane attenuators (4 =40 login cos ), NBS Tech. Note
No. 229.

Larson, W. (1963bh), Gearing errors as related o alignment techniques
of the rotary vane attenuator, IEEE Trans. Instr. Meas. IM-14,
No. 3, 117-123.

Leite, R. C. C., and S. P. 8. Porto (1963). A simple method for cali-
bration of ruby laser output, Proc. IEEE (Correspondence) 51,
No. 4, 606—607.

Li, T., and S. D. Sims (1962), A calorimeter for energy measurements
of optical masers, Appl. Opt. 1, No. 3. 325-328.

Little, W. E. (1964), Further analysis of the modulated subcarrier
technique of attenuation measurement, IEEE Trans. Instr. Meas.
IM-13, Nos. 2/3, 71-76.

Little, W. E., and J. P. Wakefield (1965), Measurement of precision
coaxial connectors using reflectometer techniques. IEEE Inter-
natl. Conv. Record 13, Pt. 11, 89-97.

Maiman, T. H., R. H. Hoskins, L J. D’Haenens, C. K. Asawa, and
V. Evtuhov (1961), Stimulated optical emission in fluorescent
solids, II, spectroscopy and stimulated emission in ruby, Phys.
Rev. 123, No. 4, 1151-1157.

Matthaei, G. L. (1965), Magnetically tunable band-stop filters, IEEE
Trans. Microwave Theory Tech. MTT-13, No. 2, 203-212.

McNish, A. G. (1964), Lasers for length measurement, Science
146, No. 3641, 177-182.

Mielenz, K. D., H. D. Cook, K. E. Gilliland, and R. B. Stephens (1964),
Accurate length measurement of meter bar with helium-neon
laser. Science 146, No. 3652, 1672-1673.

Mielenz, K. D., K. F. Nefflen, K. E. Gilliland. R. B. Stephens, and
R. B. Zipin (1965), Measurement' of the 633-nm wavelength of
helium-neon lasers, Appl. Phys. Letters 7, No. 10, 277-279.

Miller, C. K. 8., W. C. Daywitt, and E. Campbell {Sept. 1964}, A
waveguide noise-tube mount for use as an interlaboratory standard,

ACTA IMEKO Conf. Record. Stockholm, Sweden.

John M. Richardson, gy

Miller, R. H., K. B. Mallory, and P. A. Szente (1963). A measuremen;
of bolometer mount efficiency at millimeter wavelengths, 1EFE
Trans. Microwave Theory Tech. MTT-11, No. 5. 435-436.

Mindlin, R. D., and P. C. Y. Lee (June 1965), Thickness-shear ang

fexural vibrations of partially plated crystal plate. Columbia Unjy, K

Dept. of Civ. Engr. & Engr. Mech., Control No. DA 36-039 AM(-
00065(E), Tech. Rept. No. 2.

Morokuma, T., K. F. Nefflen, T. R. Lawrence, and T. M. Kluche;
(1963), Interference fringes with long path difference using He.N¢
laser, J. Opt. Soc. Am. 53, No. 3, 394-395. o

Motizuki, K., M. Sparks, and P. E. Seiden (1963), Theory of ferro.
magnetic resonance line shape outside the spin-wave manifold
Phys. Rev. 140, No. 34, 972-985. '

NAS-NRC Committee (1965), 1964 digest of literature on dielectrics, |
vol. 28, Publ. 1342, Natl. Acad. Sci.—Natl. Res. Council. Wash.

ington, D.C.
Orenberg, A. (May 1964),

A militarized solid state cesium beam

frequency standard, Proc. 18th Ann. Symp. on Frequency Control, :

384-395 (U.S. Army Electronics Lab., Ft. Menmouth, N.J.
Passaglia, E., R. R. Stromberg, and J. Kruger (1964). Ellipsometry
in the measurement of surfaces and thin films. NBS Misc. Publ.
256.
Pramann, R. F. (1963), A quick, accurate method for measuring

thermistor mount effective efficiency and calibration factor. Pre.

print No. 42, 1-4-65, 1-8, ISA Conf., Los Angeles. Calif.
Risley. A. S., and H. E. Bussey (1964), Ferromagnetic resonance
relaxation, wide spin-wave coverage by ellipsoids. J. Appl. Phys.

35, No. 3, 896-897.

Rudd:v. 1. M. (1965), Experimental results in groove cuide. IEEE

Trans. Microwave Theory Tech. MTT-13, No. 6. £80- 681

Sanderson, A. E. (1961), A new high-precision method {or the meas-
urement of the VEWR of coaxial connectors. IR¥ Trans. Micro-
wave Theory Tech. MTT-9, No. 6. 524-528.

Sanderson, A. E. (1962), An accurate substitution method of meas:
uring the VSWR of coaxial connectors. Microwave J. 5. No. L.
69-73.

Sanderson, A. E. (Mar. 1964), Calibration techniques for one- and
two-port devices using coaxial reference air lines and absolute
impedance standards, [SA Preprint 21.6-3-64. 1-8

Sanderson, A. E. (1965a), How to measure source impedanc
a slotted line, EEE 13, No. 11, 52.

Sanderson, A. E. (1963b), A slotted line recorder system. Gen. Radiv
Experimenter 39, No. 1, 3-10.

Schiel. E. (1963), Photoelectric energy
output, Proc. IEEE (Correspondence) 51, No. 2. 365-366.

Schiffman, B. M., L. Young, and R. B. Larrick (1965). Wire-grid
waveguide bolometers for multimode power measurement. [EEE
Trans. Microwave Theory Tech. MTT-13, No. 4. 427431

Selby. M. C. (1965), Coaxial T for radio frequency voltmeter calibra-
tions, NBS Tech. Note 263, 21-24.

Shimoda, K., and A. Javan (1965), Stabilization of the He-Ne maser
on the atomic line center, J. Appl. Phys. 36, No. 3. Pr. 1. 718-720.

Shockley, W., D. R. Curran, and D. J. Koneval (19631, Energy trap-
ping and related studies of multiple electrode flter crystals. Proc.
17th Ann. Symp. on Freq. Control, 88-126.

Simonich, D., and T. K. Ishii (1965), Attenuation coefhcier
millimetre-wave two-wire surface-wave transmission lines.
tron. Letters 1, No. 5, 144-145.

Sladek, N. J. (1965), Fundamental considerations in the design and
application of high precision coaxial connectors. [EEE [nternatl.
Conv. Record 13, Pt. 5, 182-188.

Smith. W. F., and T. Sokolowski (1965), Effects of corrosion on W
guide insertion loss, IEFE nternatl. Conv. Record 13. Pt o
209-216.

Soejima, T. (1963), Fresnel gain of aperture aerials.
Engrs. (London) 110, No. 6, 1021-1027.

Spencer, W. J. (1965), Modes in circular AT-cut quartz plat
Trans. Sonics Ultrasonics SU-12, No. 1, 1-5.

meter for measuring laser

at of
l(‘('

ave:

Prac. Inst. Elec-
es. IEEE

effect de-

Steier, W. H., and E. Yamashita (1963), A pyroelectric_ o
tector for submillimeter wavelengths, Proc. IEEE 51. No. 8. “" )
Stelzried, C. T. (1965), Temperature calibration of mi(‘y‘nz:'g\‘(:ﬁ}}v)f‘r'
S 1 -

mal noise sources, IEEE Trans. Microwave Theory
13, No. 1, 128-130.



